Recently, microRNAs (miRNAs) have emerged as key factors involved in a series of biological processes, ranging from embryogenesis to programmed cell death. Its link to aberrant expression profiles has rendered it a potentially attractive tool for the diagnosis, prognosis, or treatment of various diseases. Accumulating evidence has indicated that miRNAs act as tumor suppressors in hepatocyte malignant transformation by regulating development, differentiation, proliferation, and tumorigenesis. Here, we summarize recent progress in the development of novel biomarker-based miRNA therapeutic strategies for hepatocellular carcinoma (HCC).
Introduction
Hepatocellular carcinoma (HCC) is one of the most common and rapidly fatal malignancies worldwide. The etiology of HCC is a multi-factorial, multistep, and complex process 1 involving chronic and persistent hepatitis B virus (HBV) or hepatitis C virus (HCV) infection and alcohol and aflatoxin B1 intake. [2] [3] [4] HCC is a highly chemoresistant cancer with no effective systemic or well-established adjuvant therapies, and its prognosis remains poor because of its higher recurrence. 5, 6 Hepatic resection or transplantation is the only potential curative treatment for HCC patients. 7, 8 MicroRNAs (miRNAs) are small non-coding RNA molecules that function as endogenous transcriptional and posttranscriptional regulators of gene expression by silencing numerous target genes. Hundreds of miRNAs have been identified in the human genome and tumor tissues. Comprehensive studies of the altered expression of cancerrelated miRNAs have allowed for a better understanding of HCC tumor growth, metastatic potential, and recurrence. [9] [10] [11] Recently, RNA interference (RNAi) has emerged as an innovative gene silencing technology strategy for the treatment of HCC and other tumors. [12] [13] [14] Extensive studies of miRNA function have uncovered its role in many biological activities, ranging from embryonic development to cell death. 15, 16 Compelling evidence has revealed that miRNA is an important player in the modulation of diverse cellular processes by targeting coding genes or long non-coding RNAs. 17, 18 The discovery that more than a 1000 miRNAs are encoded in the human genome further extends our understanding of the complexity of gene regulation. A number of miRNAs are highly conserved across a wide range of distinct species, some with suppressing roles in HCC. 19, 20 As such, the innovative use of hepatoma-related miRNAs as either biomarkers of disease progression or tumor suppressors therapeutically 13, 14 is a promising tool for those with HCC. In this review, we summarize the progress of the development of novel biomarker-based miRNA gene therapeutic strategies for HCC.
Targeting hepatoma-related oncogene
The discovery of aberrant miRNA expression profiles in liver cancer largely extended our understanding of HCC, and recent studies have shown that miRNA may be a specific and accurate tool for the clinical diagnosis, prognosis, [21] [22] [23] and treatment of HCC. 24 In order to develop potential therapeutic tools for cancer therapy, researchers utilize viral vector systems to elevate tumor suppressive miRNAs to eliminate carcinogenesis and anti-miRNA oligonucleotides to promote tumorigenesis. 25 Of the reported approaches for in vivo miRNA delivery, the adeno-associated viral vector was the most promising for HCC because of the lower risk of vector-related toxicities and higher gene transfer efficacy. 26 The level of miR-26a expression is significantly downregulated in the murine model of MYC-induced hepatoma (tet-o-MYC; LAP-tTA mice), which targets cyclin D2 or E2, two influential players in G1/S cell phase. Ectopic expression of miR-26a inhibited cell proliferation and induced tumor cell apoptosis, suggesting that miRNAs with tumor suppressive function may be useful for the treatment of HCC.
In addition to viral vectors, artificially synthesized miRNA or anti-miRNA oligonucleotides may be an efficacious therapeutic strategy for cancer therapy. 29 MiR-221 is overexpressed in HCC, and the relative expression of miR-221 in clinical TNM stages III and IV was significantly higher than in stages I and II. The effectiveness of anti-miR-221 oligonucleotides varied depending on the different chemical modification forms. Of the nine forms evaluated, a cholesterolmodified isoform of anti-miR-221 significantly impaired cancer cell proliferation both in vitro and in vivo. Transgenic mice that overexpress miR-221 in the liver spontaneously developed liver tumors, and in vivo delivery of antisense 29-O-methyloligoribo-nucleotide that targeted miR-221 resulted in prolonged survival and significant reduction of the number of tumor nodules. Therefore, use of oligonucleotides may be an effective critical targeted therapy for HCC. 30, 31 Targeting hepatoma-specific protein
Osteopontin (OPN)
Similarly, restoration of some miRNAs that serve as tumor suppressors could significantly block tumorigenesis and metastasis in vivo. 32 It is well characterized that OPN is overexpressed in liver cancer patients with enhanced metastasis and poor prognosis, and repression of OPN using a neutralizing antibody significantly weakened cell migration and invasiveness in vitro. The artificial miRNAs, designated for targeting OPN, significantly inhibited OPN expression in the HCCLM3 cell line and resulted in decreased in vivo tumor growth and lung metastasis through the repression of matrix metalloproteinase 2 and nuclear factor kappa B (NF-kB) pathways.
33,34

Glypican-3 (GPC -3)
GPC-3 is a membrane anchored heparin sulfate proteoglycan expressed in fetal liver and placenta but not in normal adult liver tissue. It is specifically overexpressed in hepatoma. [35] [36] [37] Silencing the expression of GPC-3 with transfected miRNA was shown to decrease HepG2-linked cell proliferation and inhibit HepG2 mRNA and protein levels. Proliferation was inhibited by 71.1% in the miRNA group and 79.5% in the miRNA plus sorafenib (100 mM/L) group. Transfected cells were arrested in the G1 phase of the cell cycle, and apoptosis rate was increased from 42.2% in the neg-miRNA group to 65.6 % in the miRNA group. As shown in Fig. 1 , miRNA specific for GPC-3 might inhibit HCC cell proliferation by cell apoptosis in vitro.
38 GPC-3 miRNA mediated downregulation of GPC-3 expression was shown to inhibit xenograft tumor growth in naked mice through the Wnt/b-catenin signaling pathway in vivo. Taken together, these findings identify GPC-3 gene as a potential molecular target for HCC gene therapy.
Alpha-fetoprotein (AFP)
To date, circulating AFP is the most commonly used biomarker to screen for HCC. 39 There are two subtypes for prognostic prediction: EpCAM 
AFP
2 HCC (mature hepatocytelike HCC; MH-HCC) with good prognosis. Detection of EpCAM and AFP expression status are performed in conjunction with transcriptome analysis in HCC specimens. 40 When comparing miRNA expression profiles between the two groups, the specific miRNAs preferentially expressed in HSC-HCC and the highly conserved miR-181 families are highly expressed in EpCAM + AFP + cells isolated from AFP+ HCC specimens. It was determined experimentally that the miR-181 family members target Caudal type homeobox transcription factor 2, GATA binding protein 6, and Nemo-like kinase, proteins essential for cell differentiation and the Wnt signaling pathway. The sophisticated molecular alternation in hepatocarcinogenesis provides a long-lasting challenge for researchers, and EpCAM + AFP + HCC patients might be potential therapeutic candidates for anti-angiogenesis therapy. 44 Although encouraging progress has been achieved regarding the elucidation of the molecular mechanism of miRNA and HSCs, future studies are needed to further determine how miRNAs are involved in HSC development and tumor progression.
Downregulating expression of key molecules in HCC-related pathways
Several signaling pathways have been unraveled in the study of hepatocarcinogenesis, including PIK3C2a/Akt/HIF-1a, NFkB, insulin-like growth factor (IGF)-II/IGF-IR, met, myc, transforming growth factor (TGF)-b, hedgehog, p53, Wnt/bcatenin, and epidermal growth factor (EGF). Many of these pathways overlap with pathways associated with hepatic progenitor cells. 45, 46 MiRNA and other non-coding RNAs have been reported in HSCs. Based on computational and experimental evidence, it has been estimated that miRNAs encoded by the genome could modulate approximately 60% of mammalian genes, highlighting the importance of miRNAs in the orchestration of gene expression. 22 Furthermore, a single miRNA may affect the expression levels of multiple target genes. Therefore, it will not be surprising that a single miRNA would act in both normal into cancer cells 16 to functionally regulate carcinogenesis. 47 
Wnt/b-Catenin pathway
Abnormal expressions of some key molecules in the Wnt/bCatenin pathway were associated with the occurrence and development of HCC. The Wnt proteins are secreted glycoproteins that bind to the N-terminal extracellular cysteinerich domain of the Frizzled (Fzd) receptor family. Activation of Fzd receptors by Wnt activates canonical and non-canonical Wnt pathways. 48 The Fzd7, a member of the Fzd family, is commonly upregulated in a variety of cancers, including HCC and triple negative breast cancer and plays an important role in stem cell biology and hepatoma progression. Inhibition of Fzd7 with siRNA knockdown, anti-Fzd7 antibodies, or the extracellular peptide of Fzd7 (soluble Fzd7 peptide) promoted anti-cancer activity in vitro and in vivo mainly by inhibiting the canonical Wnt signaling pathway. 49 In addition, pharmacological inhibition of Fzd7 by small interfering peptides or a small molecule inhibitor suppressed b-catenin-dependent tumor cell growth. Therefore, targeted inhibition of Fzd7 represents a rational and promising new approach for cancer therapy.
IGF-II/IGF-IR pathway
IGF-II is a mitogenic polypeptide closely linked to the complex regulation of transcription, and its expression results in generation of multiple mRNAs initiated by different promoters. 50, 51 Because both IGF-II and IGF-I receptors are highly overexpressed in hepatocarcinogenesis, IGF-II is suspected to serve as an autocrine growth factor. 52, 53 Downregulation of IGF-II expression by specific miRNAs resulted in viability alteration, proliferation inhibition, and apoptosis in HepG2 cells. The level of vascular endothelial growth factor (VEGF) expression in the supernatant of HepG2 cells in the miRNA-IGF-II transfected group was significantly less and the susceptibility to anoikis and anchorage-independent colony formation decreased than those in the untransfected or the miRNA-neg transfected group. 54 In hepatoma cells transfected with IGF-IR-miRNA, cell cycle progression was inhibited through G 0 /G 1 arrest in Bel-7404 and PLC/PRF/ 5 cells, cell proliferation was inhibited with apoptosis, and the expression of cyclinD1 was significantly inhibited in vitro. In addition, the growth of xenograft tumors was significantly inhibited in vivo (Fig. 2) . Taken together, these findings suggest that IGF-II or IGF-IR is a potential molecular target for HCC gene therapy.
NF-kB pathway
Chronic infection with HBV or HCV is involved in the development and progression of HCC. Hepatitis virus with tumorigenic protein (HBx or core protein of HCV) can activate a variety of signaling pathways, including NF-kB, that modulate the expression of many genes linked with HCC. The effects of siRNA-mediated inhibition of NF-kB on cell growth were investigated in hepatoma cells. Prior to transfection, the expression of NF-kB/p65 mRNA was significantly higher in HepG2 cells than that in LO 2 cells, whereas the expression levels of NF-kB/p65 mRNA and protein in HepG2 cells were significantly reduced in p65 siRNA transfected cells. Interestingly, the apoptosis index was increased up to 85% in HepG2 cells and overexpression of NF-kB in hepatoma cells can be inhibited by p65 siRNA via an apoptotic mechanism, suggesting that NF-kB may be a viable molecular-target for HCC gene therapy. 
Therapeutic miRNAs and effects on HCC drugresistance
Aberrantly expressed miRNAs have been identified in HCC drug-resistance mechanisms. HCC tissues are organized in a hierarchy consisting of heterogeneous cell populations, and the capability to maintain tumorigenesis exclusively relies on a small population of hepatic stellate cells (HSCs). 55 The aforementioned new findings largely extend our understanding of the regulation of HSCs and shed light on the development of novel therapeutic strategies to fight against chemotherapyresistant HCC. MiRNA-based therapies that specifically target HSCs may provide novel firepower in the war against HCC. Tumor-initiating stem-like cells (TISCs) not only are resistant to chemotherapy and but are also associated with metastatic HCC. Tlr4 expression is higher in HCC relative to CD133 2 / CD49f + cells. ITlr4 may be a universal proto-oncogene responsible for the genesis of TLR4-NANOG dependent TISCs, making it a novel potential therapeutic target for HCC. 56 A moderate expression of miR-21 in HCC tissues was associated with a favorable response to the IFN-a/5-fluoro-2, 4(1h, 3h) pyrimidinedione (5-FU) combination therapy and a better survival prognosis. Hepatoma cells with elevated expression of miR-21 exhibited lower drug sensitivity to the cellular cytotoxicity induced by IFN-a in conjunction with 5-FU, and a high level of miR-21 in HCC biopsies indicated an unfavorable response to the IFN-a/5-FU combination chemotherapy. In HCC where HepG2 cells sensitized to apoptosis induced by serum starvation or chemotherapeutic drugs through targeting myeloid cell leukemia sequence 1 gene, a well-characterized anti-apoptotic member of Bcl-2 family, miR-101 was frequently downregulated. These novel findings suggest that HCC patients may benefit from specific miRNA adjuvant administration based on diverse miRNA expression profiles in different individuals suffering from HCC.
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Conclusions
Increasing evidence has highlighted the importance of miRNAs in the control of HCC suppressors, growth, invasiveness, and curability ( Table 1 ). The management of advanced HCC is entering a new era of molecular targeting therapy, which is of particular significance for HCC because of the lack of effective systemic therapies for HCC. The transcription and activation of specific vector mediated RNAi has been successfully used to suppress hepatoma cells via viability alteration, proliferation inhibition, and promotion of apoptosis. However, technical difficulties, including stability and the bioavailability and safety of miRNAs-based therapeutics, have restricted the development of miRNA clinically. Despite the inspiring progress in miRNA-mediated gene activation techniques and insight into the mechanisms of tumorigenesis, many questions remain and a new perspective regarding the development of new curative approaches is required. In general, the use of miRNAs is a promising area for the development of novel therapeutic strategies for HCC. 
